Immune responses to therapeutic transgenes are a potential hurdle to treat monogenic muscle disorders. These responses result from the neutralizing activity of transgene-specific B cells and cytotoxic T cells recruited upon gene transfer. We explored here how dual muscle-liver expression of a foreign transgene allows muscle transgene engraftment after adenoassociated viral vector delivery. We found in particular that induction of transgenespecific tolerance is imposed by concurrent muscle and liver targeting, resulting in the absence of CD8 + T cell responses to the transgene. This tolerance can be temporally decoupled, because transgene engraftment can be achieved in muscle weeks after liver transduction. Importantly, transgene-specific CD8 + T cell tolerance can be established despite preexisting immunity to the transgene. Whenever preexisting, transgene-specific CD4 + and CD8 + memory T cell responses are present, dual muscle-liver transduction turns polyclonal, transgene-specific CD8 + T cells into typically exhausted T cells with high programmed cell death 1 (PD-1) expression and lack of IFN-g production. Our results demonstrate that successful transduction of muscle tissue can be achieved through livermediated control of humoral and cytotoxic T cell responses, even in the presence of preexisting immunity to the muscle-associated transgene.
Introduction
Recombinant adenoassociated virus (rAAV) vectors are widely used for gene transfer applications in peripheral tissues and have been proved to safely deliver a variety of therapeutic transgenes to treat afflictions of monogenic origin, such as neuromuscular (1) , ocular (2) , neurodegenerative (3) , and hemophilia (4) disorders. These gene-reparative medicine applications rely on successful engraftment of a defined transgene in the tissue of interest. Compared with classical tissue engraftment procedures involving the transfer of allogenic cells and MHC components, rAAV gene transfer raises specific concerns related to the immunogenicity of rAAV capsids and the processing and recognition of a newly expressed transgene by the host immune system. Preexisting anticapsid antibody responses observed for adenoassociated virus (AAV) serotypes, prevalent mostly in humans (5, 6) , can impair treatment effectiveness (7) , which advocates for the use of other rAAV serotypes, engineered capsids (8) , and immunosuppression procedures (9) . Of equal importance, cytotoxic T cell (CTL) responses to the capsid were encountered in human liver clinical trials (10) , representing an important concern that is currently handled with transient immunosuppression regimens (11) .
Parallel to anticapsid responses, immune responses to newly expressed transgenes depend on multiple factors intrinsic to the recipient, such as the mutational genotype of the host, the route of injection, the promotor being used, the rAAV dose, and the initial inflammatory and metabolic disorder status present in the tissue to be injected (12) . The occurrence of preexisting immune responses to the transgene represents another challenging issue. In the case of patients with hemophilia B, preexisting humoral responses against coagulation factor IX (FIX) have been observed in humans in relation with protein replacement therapies (13, 14) . Animal studies have also evidenced immune responses to FIX gene transfer, especially in FIX-KO animals, Immune responses to therapeutic transgenes are a potential hurdle to treat monogenic muscle disorders. These responses result from the neutralizing activity of transgene-specific B cells and cytotoxic T cells recruited upon gene transfer. We explored here how dual muscle-liver expression of a foreign transgene allows muscle transgene engraftment after adenoassociated viral vector delivery. We found in particular that induction of transgene-specific tolerance is imposed by concurrent muscle and liver targeting, resulting in the absence of CD8 + T cell responses to the transgene. This tolerance can be temporally decoupled, because transgene engraftment can be achieved in muscle weeks after liver transduction. Importantly, transgene-specific CD8 + T cell tolerance can be established despite preexisting immunity to the transgene. Whenever preexisting, transgene-specific CD4 + and CD8 + memory T cell responses are present, dual muscleliver transduction turns polyclonal, transgene-specific CD8 + T cells into typically exhausted T cells with high programmed cell death 1 (PD-1) expression and lack of IFN-γ production. Our results demonstrate that successful transduction of muscle tissue can be achieved through liver-mediated control of humoral and cytotoxic T cell responses, even in the presence of preexisting immunity to the muscle-associated transgene.
in which the FIX transgene is considered a foreign antigen by the immune system (15) (16) (17) . This points out the important role of the genetic background of the host in the generation of transgene-specific T cells, and multiple genetic components concur in defining the immune response to a given transgene. As an example, cytotoxic CD8 + T cell responses were observed after human FIX gene transfer in C57BL/6 mice but were absent in other mouse strains (18) . The target tissue itself is also an important factor influencing the outcome of immune responses after gene transfer (11) and rAAV muscle targeting is known to be highly immunogenic using model transgenes (19) but also with cell-associated transgene delivery to treat monogenic muscle disorders (20) (21) (22) (23) . Of note, the presence of preexisting circulating T cell immunity to dystrophin was observed in a sizable proportion of patients with Duchenne muscular dystrophy (DMD) (24, 25) , possibly driving the immune-mediated rejection of the microdystrophin transgene delivered intramuscularly with AAV vectors (20, 22, 25) , which advocates for transgene-specific immunomodulation.
As for harnessing the tolerogenic properties of the liver, reports showed that expression of an allogenic MHC component in the liver allowed successful engraftment of a transgenic skin graft bearing the same allogenic MHC antigen (26, 27) . Likewise, rAAV-mediated liver targeting proved safe and efficient in hemophilia mouse models with a human FIX transgene or using a variety of transgenes and rAAV serotypes (28) (29) (30) . rAAV FIX gene transfer in the liver induced no noticeable humoral or cellular responses against the transgene, and this tolerance state was conserved after secondary FIX immunization in rodents (31) . Moreover, recent mouse studies showed that rAAV FIX liver targeting can override preexisting antitransgene humoral immunity (14) . Regarding CTL responses to the transgene, the capacity of liver transduction to control the fate of transgene-specific TCR-transgenic CD8 + T cells was initially unraveled by Bertolino and colleagues, who showed that the site of primary T cell activation dictates the balance between intrahepatic tolerance and immunity (32) , a result confirmed with other models (33) . The fraction of transduced hepatocytes was critical to induce immune tolerance after hepatic gene transfer, leading to the acquisition of an exhausted phenotype for TCR-transgenic CD8 + T cells (34, 35) . Considering the fact that muscle transduction leads to the generation of prominent humoral and cellular immune responses to the transgene (19), we studied here how dual muscle-liver transduction could control these polyclonal . Each dot represents an individual animal, mean ± SEM (n = 9 mice per group, pooled from 3 independent experiments). **P < 0.01, ****P < 0.0001 (Mann-Whitney test).
responses typically initiated in muscle-draining lymph nodes. Moreover, little is known about the influence of preexisting immunity to muscle-associated transgenes (24, 25) , and we wished to delineate the role of preexisting CD8 + and CD4 + T cell immunity on the reactivation of CD8 + T cells in the presence of dual muscle-liver transduction.
Using a highly immunogenic OVA transgene well adapted to decipher specific T cell responses, we found here that dual muscle-liver rAAV transduction imposes sustained tolerance to both anti-transgene CD8 + T cell and humoral responses generated by rAAV muscle transduction. Importantly, in the presence of preimmune material comprising CD8 + and CD4 + T cells, this tolerance induction is shown to operate through partial deletion of -and induction of exhaustion in -transgene-specific CD8 + T cells. Our results demonstrate that liver rAAV transduction imposes immune tolerance to an entire transgene-specific T cell repertoire elicited after muscle transduction, regardless of preexisting immune responses to the transgene.
Results
Transgene-specific immune tolerance is established by dual muscle-liver transduction. To establish that rAAV liver transduction promotes immune tolerance toward muscle transgene engraftment, we choose a model transgene encoding for a membrane form of OVA (mOVA), which was reported to be highly immunogenic after rAAV gene transfer in muscle (19) . For the transfer, 2 vectors were designed: a muscle-tropic rAAV1 vector encoding mOVA under the muscle-specific promotor SPc5-12 and a liver-tropic rAAV8 vector encoding for the same mOVA transgene under the liver-specific promoter hAAT (Supplemental Figure 1 anti-OVA CD8 + T cells compared with blood (Supplemental Figure 2) , a result consistent with a previous report showing that activated CD8 + T cells can accumulate in the liver independently of antigen recognition (36) . These transgene-specific CD8 + T cell responses are associated with humoral responses to OVA ( Figure 1C ). Taken together, these results show that rAAV1/mOVA muscle targeting induced cellular and humoral responses associated with transgene rejection.
In parallel, we assessed the capacity of the liver-tropic rAAV8/mOVA vector to alleviate transgene immune responses and rejection. rAAV8/mOVA caudal vein i.v. injection of 1 × 10 10 viral genomes (vg) induced neither anti-OVA tetramer + CD8 + T cell response in blood at day 14 and day 28 nor anti-OVA antibody responses (data not shown). Liver mOVA expression was confirmed by RT-qPCR under these conditions (data not shown), attesting to long-term acceptance of the transgene product in accordance with the lack of cellular and humoral responses to the transgene. Next, using concurrent i.m. and i.v. injections of the muscle-tropic rAAV1 and liver-tropic rAAV8 vectors, respectively, we found no anti-OVA CD8 + T cell response in blood at day 14 and day 28 ( Figure 1 , A and B) and in liver lymphocyte populations at day 29 (Supplemental Figure 2) , as well as no OVA antibody responses ( Figure 1C ). Maintenance of transgene expression was effective in both muscle ( Figure 1D ) and liver (data not shown), attesting to lack of immune rejection. Next, we evaluated the specificity of this suppression and injected rAAV1/ mOVA to target the muscle concurrently with an irrelevant rAAV8/hAAT-hepatic FIX (hFIX) to target the liver and evidenced cellular and humoral responses against OVA similar to the i.m.-only rAAV1/ mOVA injection condition (Supplemental Figure 3 , A-C). Here, the presence of dissimilar transgenes in muscle and liver led to complete rejection of the mOVA transgene in muscle (Supplemental Figure  3D ) with full acceptance of the hFIX transgene in the liver (data not shown). This result indicates that the tolerance induction process requires dual expression of the same transgene in muscle and liver. Of note, we observed no reduction in the humoral responses to the rAAV1 and rAAV8 capsids with the dual muscle-liver transduction protocol (data not shown). We also assessed the eventual tolerizing effect of rAAV1/mOVA leakage from the blood circulation to the liver and found that rAAV1/mOVA injection performed using the i.v. route was unable to confer immune protection for muscle transduction (data not shown), indicating that actual rAAV8/hAAT-mOVA liver targeting is mandatory to promote transgene-specific tolerance. To complement these results, we engineered a second set of rAAV vectors encoding for a mOVA-GFP construct, where the full-length EGFP is fused after the transmembrane part of mOVA (Supplemental Figure 1) , and found similar requirements for dual muscle-liver expression of the same transgene to achieve muscle transgene engraftment (Supplemental Figure 4) . Of note, the mOVA-GFP construct harbors a MHC class II (MHCII) epitope, which leads to the induction of detectable Each dot represents an individual animal, mean ± SEM (n = 9 mice per group, pooled from 3 independent experiments). **P < 0.01, ***P < 0.001, ****P < 0.0001 (Mann-Whitney test).
IFN-γ-producing CD4
+ T cells and enhances OVA-specific antibody responses in mice initially primed with the corresponding GFP peptide (Supplemental Figure 4C ). In conclusion, dual muscle and liver targeting with rAAV vectors is instrumental in eliminating the occurrence of cellular and humoral immune responses to the transgene and in allowing transgene expression in muscle.
We then explored the sustainability and robustness of this transgene-specific tolerance and injected the rAAV8/mOVA vector via the i.v. liver route before challenging the mice i.m. at day 7 or day 28 with rAAV1/ mOVA ( Figure 2A) . In both cases, we detected no humoral (data not shown) and limited cellular responses ( Figure 2B ), and OVA expression was significantly maintained in muscle compared with the control with rAAV1/mOVA i.m. injection alone ( Figure 2C ). To assess the robustness of this peripheral tolerance to mOVA, we challenged a second set of mice at day 7 or day 28 with rAAV1/mOVA-GFP i.m. injections (Supplemental Figure 5A) , which harbored an immunoreactive MHCII epitope within the GFP sequence able to prime a CD4 + T cell response (Supplemental Figure 4C ). As before, we detected no humoral (data not shown) and limited cellular responses (Supplemental Figure 5B ) and detected sustained OVA-GFP expression in muscle (Supplemental Figure 5C) . Thus, this immune tolerance associated with liver transgene expression appears robust and long-lived even when using a muscle transgene harboring an additional MHCII epitope. + tetramer + T cells after OVA/IFA or OVA 257 /IFA immunization. Each dot represents an individual animal, mean ± SEM (n = 6 mice per group, pooled from 2 independent experiments). *P < 0.05, **P < 0.01 (Mann-Whitney test).
Induction of immune tolerance and of exhausted OVA-specific CD8
+ T cells in the presence of preexisting immunity. Having established that dual muscle-liver transduction allows muscle transgene engraftment, we assessed whether a preexisting immune response against the transgene product impairs the induction of transgene-specific tolerance. For that, mice were preimmunized or not with OVA protein emulsified in incomplete Freund's adjuvant (IFA) at day 0 and injected at day 14 with either single i.m. rAAV1/mOVA or dual i.m. rAAV1/mOVA and i.v. rAAV8/mOVA injections. As expected, OVA/IFA immunization was particularly effective to prime a humoral anti-OVA response monitored after i.m. rAAV1/mOVA injection ( Figure 3B ). Importantly, we found that dual i.m. rAAV1/mOVA and i.v. rAAV8/mOVA injections reduced OVA-specific CD8 + T cells responses and humoral responses to very low levels ( Figure 3 , A and B) and ensured long-term OVA expression in muscle ( Figure 3C ), despite preexisting immunity. Thus, the transgene-specific tolerance imposed by dual muscle-liver transduction overrides both emerging and memory CD8 + T cell as well as preexisting antibody responses to the transgene product. As shown above, dual muscle-liver transduction is able to prevent adverse responses associated with preexisting transgene-specific immunity present in the host. Under these conditions, we noticed the presence of a residual fraction of transgene-specific CD8 + T cells in the spleens of mice initially primed with OVA/IFA and receiving i.v. rAAV8/mOVA injections (data not shown). Because OVA/IFA preimmunization did not compromise transgene muscle expression under these conditions ( Figure 3C ), we analyzed the phenotype of residual OVA-specific CD8 + T cells present after OVA/IFA or OVA 257 peptide/IFA immunization followed by dual muscle-liver transduction (Figure 4) . The OVA 257 peptide/IFA injection condition was used to visualize the fate of transgene-specific CD8 + T cells independent of CD4 + T cell and B cell priming. In these latter 2 preimmunization conditions, dual muscle-liver transduction significantly reduced the quantity of OVA-specific CD8 + T cells compared with a single muscle rAAV transduction, with a residual fraction of OVA-specific CD8 + T cells present in both cases (Figure 4, A and B) . Of great interest, we found that these residual OVA-specific CD8 + T cells expressed higher levels of programmed cell death 1 (PD-1) (Figure 4 , A-C) and slightly higher levels of CD44 and CD8 in comparison with those generated after muscle transduction alone ( Figure 4C ), raising the possibility of a conversion of OVA-specific CD8 + effector T cells into exhausted CD8 + T cells. To qualify the functional ability of these residual OVA-specific CD8 + T cells, we assayed their ability to produce IFN-γ in response to MHCI-restricted OVA 257 peptide stimulation in conjunction with PD-1 surface expression ( Figure 5 ). As evidenced by intracellular staining, muscle-only transduction with i.m. rAAV1/mOVA generated mostly OVA-specific CD8 + T cells with high IFN-γ production and lower PD-1 surface expression, whereas dual muscle-liver transduction with i.m. rAAV1/mOVA and i.v. rAAV8/mOVA injections generated mostly residual OVA-specific CD8 + T cells with no IFN-γ production capability ( Figure 5A ). Upon quantification, no IFN-γ production was observed after simultaneous i.m. rAAV1/mOVA and i.v. rAAV8/mOVA injection in both OVA/IFA and OVA 257 /IFA preimmunization conditions ( Figure 5B) . Consequently, the residual OVA-specific CD8 + T cells expressing a high level of PD-1 observed after dual muscle-liver transduction (Figure 4 ) lacked IFN-γ production capacity and corresponded to typically exhausted CD8 + T cells. Moreover, OVA muscle transgene engraftment was effective after dual i.m. rAAV1/mOVA and i.v. rAAV8/mOVA injections, independent of preimmunization ( Figure 5C ). These results demonstrate that dual muscle-liver transduction is sufficient to protect muscle OVA expression even in presence of a preexisting CD8 + T cell immunity induced by OVA/IFA and OVA 257 peptide/IFA, through a mechanism implying in part the generation of CD8 + T cells exhibiting a typically exhausted phenotype.
Transgene-specific CD8 + T cell tolerance is established despite preexisting CD4 + T cell responses. Last, because preexisting CD4
+ T cell responses to dystrophin have been observed in DMD patients (24, 25), we wondered whether a preexisting OVA-specific CD4 + T cell response could influence the level of transgene-specific tolerance achieved after dual muscle-liver targeting. For that, mice were first immunized with the MHCII-restricted OVA 323 epitope before being injected with either rAAV1/mOVA i.m. or dual rAAV1/ mOVA i.m. and rAAV8/mOVA i.v. As expected, we found that OVA 323 immunization significantly primed IFN-γ production in activated CD4 + CD44 hi T cells generated after single i.m. rAAV1/mOVA injection ( Figure 6A ) and anti-OVA humoral response ( Figure 6B ). In mice injected with dual i.m. rAAV1/mOVA and i.v. rAAV8/mOVA, IFN-γ production was equally detected in activated CD4 + CD44 hi T cells ( Figure  6A ) without compromising muscle OVA expression ( Figure 6D ), in accordance with the lack of tetramer + CD8
+ T cell and humoral responses observed under these conditions ( Figure 6 , B and C). Altogether, although OVA 323 immunization was effective to boost antibody production ( Figure 6B ) after i.m. injection only, dual i.m. and i.v. injections were operant in controlling humoral and cellular CD8 + T cell, but not CD4 + T cell, responses to the transgene, and this controlling was sufficient to protect muscle OVA expression. Our results demonstrate that transgene-specific CD8 + T cell tolerance is established despite preexisting CD4 + T cell responses, which persisted after dual muscle-liver transduction. Each dot represents an individual animal, mean ± SEM (n = 6-9 mice per group, pooled from 2-3 independent experiments). ns P > 0.05, **P < 0.01, ****P < 0.0001 (Mann-Whitney test).
Discussion
Overcoming adaptive immune response to transgene products is of crucial importance for successful gene therapy of muscle monogenic disorders (37) . Indeed, in a recent rAAV/microdystrophin clinical trial performed in patients with DMD (25) , preexisting dystrophin-specific T cells were observed against epitopes present in the transgene product as well as in short dystrophin forms expressed in revertant fibers. Taking into account prior knowledge from coagulation hFIX studies evidencing the immunological benefits of liver transduction for hFIX tolerance induction (31, 38), we devised a dual muscle-liver transduction protocol able to impose transgene-specific immunological unresponsiveness for muscle transgene. Using a highly immunogenic membrane form of a model OVA transgene, we demonstrate that concurrent muscle-specific and liver-specific rAAV transduction neutralized adverse cytolytic and humoral immune responses and enabled long-term transgene expression in muscle despite the presence of preexisting immunity to the transgene.
Harnessing the properties of the liver as a tolerogenic organ (39) (40) (41) , several reports have demonstrated that liver expression of systemic factors, such as coagulation FIX, can promote a state of transgene-specific tolerance (28, 29, 31) . Studies using adoptive transfer of transgene-specific TCR-transgenic CD8 + T cells showed that tolerance induction after liver transduction depends on several factors, including the site of primary naive CD8 + T cell activation, in essence in the liver or in draining lymph nodes (32) , and the proportion of transgene-expressing cells in the liver (34, 35) . In contrast, muscle transgene expression is often associated with cytolytic CD8 + T cell induction as well as humoral responses (37), and direct i.m. injection of rAAV vectors can be used to induce transgene immunization (19, 42) . Of note, i.m. injection of a very high dose of 10 11 vg of rAAV8 was shown to lead to liver leakage and transgene unresponsiveness (43) . However, no prior studies to our knowledge addressed the influence of concurrent muscle and liver transduction on the induction of transgene-specific tolerance for muscle applications, and no studies addressed under these circumstances whether preexisting immunity is deleterious for muscle transgene engraftment. We chose here to target simultaneously muscle and liver with a membrane form of OVA using a muscle-specific SPc5-12 promotor (44) and a hepatocyte-specific hAAT promotor, to evaluate the outcome of immunological crosstalk between muscle as an immunogenic delivery site and liver as a tolerogenic organ.
Monitoring the presence and phenotype of transgene-specific CD8 + T cells with tetramers, we found that dual muscle and hepatocyte OVA expression led to complete absence of OVA-specific CD8 + T cells in the liver, blood, and spleen. Surprisingly, we observed an accumulation of OVA-specific CD8 + T cells in the liver after a single muscle injection with our rAAV1/SPc5-12-mOVA muscle-specific vector, reflecting a transient accumulation of activated CD8 + T cells occurring in the liver independent of local antigen expression as previously noticed after immunization (36) . These results indicate that activated OVA-specific CD8 + T cells generated by muscle transduction gain access to the liver tissue, where secondary cognate interactions with OVA antigen can take place, leading to either disposal or functional inactivation of OVA-specific CD8 + T cells. Indeed, CD8 + T cells have been shown to be disposed in the liver following antigen recognition through direct capture and internalization by hepatocytes in a mechanism referred to as suicidal emperipolesis (45) . Moreover, apoptosis dependent on Bcl-2-like protein 11 (BIM) may also occur as a result of T cell-hepatocyte interactions (46) . In addition, using OVA-specific TCR-transgenic CD8 + T cells (OT-1 cells), Tay et al. (34) showed that liver OVA expression can turn adoptively transferred OT-1 T cells into exhausted T cells expressing high levels of PD-1. Our results in the context of dual muscle-liver rAAV targeting demonstrate two potential outcomes for endogenous CD8 + T cells depending on the initial state of the host immune system with respect to the transgene. When mice were naive to the transgene, transgene-specific CD8 + T cells were absent from all tissues tested. When mice were primed to induce preexisting immunity to the transgene, we observed a massive reduction of OVA-specific CD8 + T cells in the spleen, with a remaining fraction of OVA-specific CD8 + T cells expressing high levels of PD-1 and somewhat higher levels of CD44, a feature found in exhausted CD8 + T cells but insufficient for a clear demonstration of their state. Assaying the function of these OVA-specific CD8 + T cells, we found that these PD-1 hi CD8 + T cells did not produce IFN-γ in response to antigen stimulation, a result that correlates with persistent transgene expression in muscle and advocates for their status as exhausted CD8 + T cells. Studying the role of rAAV liver transduction doses, we initially found that a low dose of 10 8 vg of rAAV8/ mOVA-GFP vector in the liver induced an OVA-specific tetramer + CD8 + T cell response localized in the liver and was unable to impose tolerance to muscle-targeted transgene (data not shown). Likewise, studies performed by Kumar et al. (35) and Tay et al. (34) showed that low transgene expression in the liver and high avidity of the T cell for the transgene (34) leads to T cell activation after adoptive transfer of transgenic, OVA-specific (27) , whereas liver expression of a mutated H2-K d -D227K transgene, which abrogates recognition of intact allogenic MHCI by CD8 + T cells, leads to partial skin graft survival. Consistent with our results, these studies indicate that liver transgene doses and interaction modalities of transgene-specific CD8 + T cells with transduced hepatocytes are critical for their fate. These features are specific to the combination of transgene and mouse strain under consideration and likely explain differences observed in the literature regarding the potency of liver tolerance examined with different transgenes and mouse strains (31, 47) . Of importance, PaulHeng et al. showed that direct recognition of hepatocyte-expressed MHCI allogenic antigens is required for tolerance induction and skin engraftment (27) . Our results demonstrate that processing of a defined muscle transgene by antigen-presenting cells of the host leads to CD8 + T cell responses, which are tolerized after recognition of hepatocyte-expressed host MHCI transgene complexes, even in presence of preexisting immunity.
As for monitoring the humoral response to the transgene, our study extends also to muscle-associated transgene results previously gathered with hFIX gene transfer (31) . Humoral responses to the transgene were drastically reduced after dual muscle-liver transduction, but liminal levels of anti-OVA antibodies were nevertheless detected after tolerance induction in recipients preimmunized with OVA protein but not with OVA 257 peptide (data not shown). Assessing the effect of OVA-specific CD4 + T cell responses on anti-OVA antibody production, we observed that preimmunization with the MHCII-restricted OVA epitope OVA 323 peptide is effective to prime CD4 + T cells and enhances anti-OVA antibody production after rAAV/mOVA muscle transfer, demonstrating the role of CD4 + T cell responses in humoral immunity to the transgene. Exploring the fate of transgene-specific CD4 + T cells generated after OVA 323 peptide immunization, we found that dual muscle-liver transduction led to detectable anti-OVA 323 IFN-γ-producing CD4 + T cells but to barely detectable levels of the anti-OVA antibody response. Thus, of great interest for clinical situations where preexisting immunity to the transgene is encountered, the presence of anti-OVA CD4 + T cell responses did not impair the induction of CD8 + T cell and humoral tolerance. This result is compatible with a qualitative alteration of CD4 + T cells and with the fact that liver-based tolerance induction to FIX confers transferable tolerogenic properties to the CD4 + T cell compartment (31) . Moreover, it was recently shown that liver expression of an autoantigen is able to induce autoantigen-specific regulatory T cells (Tregs), protecting mice from neuroinflammation in 2 models of multiple sclerosis (48, 49) . In addition, it was found that rAAV hepatocytes' transduction of MHCI molecule H2-K d conditions C57BL/6 mice for successful transplantation of fully allogenic H2-K d pancreatic islets because of local liver expansion of a subset of PD-1 + CD8 + T cell-harboring regulatory functions (50) . Here, our model rAAV transgene system allowed us to recapitulate the effectiveness of liver-based tolerance induction in counteracting preexisting immune responses in multiple situations. Both preexisting humoral responses and CD8 + and CD4 + T cell responses were affected by dual muscle-liver transgene expression, with transgene-specific CD8 + T cells undergoing retention and/or depletion and exhaustion and transgene-specific CD4 + T cells remaining present but unable to boost antibody production. These CD4 + T cells are presumably forming a pool of cells able to undergo conversion into Foxp3 + Tregs, as evidenced in multiple sclerosis models (48, 49) . Overcoming muscle immune response to therapeutic transgenes is of importance in the treatment of muscular dystrophies. Muscle monogenic disorders can induce tissue inflammation and particularly in patients with DMD (25) , where contraction-induced damages release cytoplasmic content that can stimulate innate immunity, promote chronic muscle inflammation, and worsen adverse immune responses to the therapeutic transgene (51) . In this context, concurrent delivery of the transgene in muscle and liver is relevant to cope with adverse immune responses because of preexisting immunity. Future studies are required to develop dual muscle-liver antigen delivery protocols for dedicated muscular dystrophy applications.
Methods
Mice and in vivo injections. We purchased 6-to 8-week-old C57BL/6JRj male mice from JANVIER LABS, housed them under specific pathogen-free conditions in our animal facility (Centre d'exploration et de recherche fonctionnelle expérimentale, Evry, France), and them handled in accordance with French and European directives. For i.m. injection, mice were anesthetized using isoflurane, and indicated doses of rAAV vector, diluted in 25 μl PBS, were injected into the left tibialis anterior using a 30-gauge RN Hamilton syringe. For i.v. injection, 200 μl of the indicated rAAV vector diluted in PBS (to achieve desired vg doses) was injected into the caudal vein using a 0.5-ml insulin Myjector U-100 syringe (TERUMO).
Plasmid constructions and rAAV vector productions. mOVA (19) cDNA were inserted by PCR in pSMD2 rAAV1 or rAAV8 plasmid between the SPc5-12 muscle-specific promoter or hAAT hepatocyte-specific promotor and a polyA signal to create rAAV1/SPc5-12-mOVA (rAAV1/mOVA) targeting the muscle or rAAV8/hAAT-mOVA (rAAV8/mOVA) targeting the liver, respectively. Alternatively, the full-length cDNA sequence for the GFP was fused to the transmembrane domain of the mOVA cDNA, to create a mOVA-GFP sequence and, as described above, rAAV1/SPc5-12-mOVA-GFP (rAAV1/mOVA-GFP) and rAAV8/ hAAT-mOVA-GFP (rAAV8/mOVA-GFP). All AAV vectors used in this study were produced using an adenovirus-free, transient transfection method and purified as described previously (52) . Titers of the AAV vector stocks were determined using real-time quantitative PCR and confirmed by SDS-PAGE, followed by SYPRO Ruby Protein Gel Stain and band densitometry.
Quantification of OVA mRNA. Total RNA were extracted from 20 frozen 12-μm sections of each organ using the Nucleospin RNA plus kit (MACHEREY-NAGEL). For quantification of OVA mRNA, 100 ng of total RNA was reverse-transcribed using Superscript II kit (Invitrogen). Then 4 μl of reverse transcription PCR product was subjected to real-time PCR amplification using OVA forward (5′-AAGCAGGCAGA-GAGGTGGTA-3′), OVA reverse (5′-GAATGGATGGTCAGCCCTAA-3′), β-actin forward (5′-AAGATCT-GGCACCACACCTTCT-3′), and β-actin reverse (5′-TTTTCACGGTTGGCCTTAGG-3′) primers. All reaction mixtures were made according to QuantiFast SYBR Green PCR Kit instructions (QIAGEN); OVA primers were used at 500 nmol/L and β-actin primers at 400 nmol/L as described previously (53) . The absolute amount of OVA mRNA for each sample was calculated and normalized using the ΔΔCt formula: 1/(2
). The reference used in this formula is the mean ΔCt value of the double-injected rAAV1/mOVA i.m. and rAAV8/mOVA i.v. group defined in each experiment.
Lymphocyte isolation. For peripheral blood lymphocyte isolation, erythrocytes were eliminated by hypotonic shock with BD Pharm Lyse buffer (BD Biosciences). For splenocyte isolation, spleen was crushed manually in 1× PBS with 0.1% HSA. For isolation of lymphocytes from liver, liver was collected and crushed manually in 1× PBS 0.1% HSA, then resuspended in 4 ml of 1× PBS 0.1% HSA and spun at 30 g for 2 minutes at 4°C to eliminate cellular debris. Supernatant was spun at 300 g for 5 minutes at 4°C. The cell pellet was resuspended in 40% Percoll (MilliporeSigma) at room temperature. We then added 2 ml of 70% Percoll solution at room temperature below the 40% cell suspension. Percoll gradient was centrifuged at 1300 g for 20 minutes at room temperature with no break. The upper fat layer was removed, and the interface cell band was collected.
Flow cytometry analysis. For tetramer staining, we followed our method previously described (54, 55) . Briefly, cell suspensions were first incubated with iTAg Tetramer/PE -H-2 Kb OVA (TB-5001-1, Clinisciences) for 30 minutes at room temperature, then blocked with anti-CD16/CD32 antibody (2.4G2, Bio X Cell) for 10 minutes at 4°C followed by membrane staining for 15 minutes at 4°C using a combination of BV421 or APC anti-CD8α (53-6.7), FITC anti-CD44 (IM7), BV421 anti-PD-1 (29F.1A12), and PE/Cy7 anti-CD4 (RM4-5) (all antibodies from BioLegend).
For intracellular staining, cell suspensions were first blocked with anti-CD16/CD32 antibody (2.4G2, Bio X Cell) for 10 minutes at 4°C, followed by membrane staining for 15 minutes at 4°C using a combination of FITC anti-CD44 (IM7), V500 anti-CD4 (RM4-5), PE/Cy7 anti-CD8α (53-6.7), and BV421 anti-PD-1 (29F.1A12). Second, cells were fixed and permeabilized using eBioscience Fixation/Permeabilization Concentrate (Thermo Fisher Scientific) according to the manufacturer's instructions. Permeabilized cells were then blocked with anti-CD16/CD32 antibody (2.4G2, Bio X Cell) for 15 minutes at 4°C, followed by intracellular staining performed in permeabilization buffer (eBioscience) for 30 minutes at 4°C using PE anti-Foxp3 (FJK-16a) and APC anti-IFN-γ (XMG1.2) (both from BioLegend).
In both cases, dead cells were excluded using the LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Life Technologies). Data were collected on an LSRII Fortessa flow cytometer and further analyzed using FlowJo software (Tree Star Inc). All antibodies were purchased from BioLegend unless stated otherwise.
Anti-OVA IgG ELISA. ELISA plates (BD Falcon Microtest 96-well ELISA plate, clear) were coated overnight with 50 μl/well of a 10 μg/ml dilution of OVA protein (MilliporeSigma) in carbonate buffer, pH 9.5 (freshly prepared from carbonate and bicarbonate powder from MilliporeSigma). Plates were then washed 3 times with 1× PBS 0.05% Tween and blocked for 2 hours with blocking buffer, 1× PBS 2% BSA, at room temperature and washed 3 times. Serial dilutions of experimental sera, as well as of a reference serum from mice immunized with OVA protein emulsified in IFA (BD Difco), were prepared in blocking buffer as above and incubated in 96-well plates for 1 hour at 37°C. Then, the plates were washed 2 times, and bound anti-OVA IgG was incubated with 100 μl of biotinylated horse anti-mouse IgG (Vector Laboratories, Eurobio) diluted 1:4000 in blocking buffer. Plates were then washed 2 times and incubated with 100 μl/well of HRP avidin (Vector Laboratories, Eurobio), diluted 1:4000 in blocking buffer for 30 minutes at room temperature, and washed again 3 times. Finally, anti-OVA IgG was revealed with TMB substrate reagent set (BD Biosciences). The reaction was stopped after 3-5 minutes with 50 μl/well of 2N H 2 SO 4 , and the absorbance at 450 nm was determined. Antibodies' levels are represented as a ratio of sample dilution over the reference serum dilution corresponding to the same optical densities, considering a linear range in standard curve.
Statistics. All data are shown as mean ± SEM. For statistical analyses, Mann-Whitney tests were performed for comparing independent groups 2 by 2, and Kruskal-Wallis tests followed by Dunn's multiple-comparisons tests were performed to compare multiple groups. Data were considered significant when P values were less than 0.05 and considered nonsignificant when P values were greater than 0.05.
Study approval. Mouse studies were performed in accordance with the current European legislation on animal care and experimentation (2010/63/EU) and approved by the institutional ethics committee of the Centre d'Exploration et de Recherche Fonctionnelle Expérimentale (protocol APAFIS 3055-20151019213299180).
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